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REMARKS 

Claims 1-17 and 21-26 are pending. Claims 2, 6 and 15 have been amended. Applicants 
respectfully request entry of the amendments, which merely deal with correction of typographical 
errors, or to clarify the invention. No new matter has been added. Applicants respectfully request 
reconsideration of the present rejections in view of the present remarks. 

Rejections under 35 U.S.C. § 102 

The Office rejected claims 1-5, 7-10 and 13 under 35 U.S.C. 102(b) as allegedly being 
anticipated by Okihara et al (J. Macromol. Sci. Phy. (1991) B30, 1 19-140). In particular, the 
Office indicated that "[p]olymers of lactic acid and glycolic acid are water-soluble." (Office 
Action, page 2). Applicants must respectfully disagree. 

As indicated in the response to the previous Office action, the Okihara reference is silent 
regarding water-soluble or water dispersible polymers . The Okihara reference only describes non- 
substituted homopolymers, particularly the homopolvmers of L-lactic acid and D-lactic acid which 
are crystalline polymers and mostly insoluble in water. A "homopolymer" is a polymer having a 
chain structure in which all building units are of the same type. While lactic acid is recited in claim 
2, it is recited as a substituent, not as the water soluble or water dispersible polymer itself. 

Furthermore, as indicated in the Declaration of Professor Hennink ("Hennink Decl." 
attached as Exhibit 1), who is a co-inventor in the present application, "[p]oly(lactic acid) and its 
copolymers with glycolic acid are not soluble in water, but they only dissolve in organic solvents. . . 
. The degradation products may be water-soluble. The polymer itself is not." (See Hennink Decl., 
1 6; see also van Nostrum et ai, ACS Symposium Series 2003, 846: 129-141, attached as Exhibit 2, 
particularly on page 133, lines 7-9). Further, as indicated in the Hennink Decl., no water is present 
in the homopolymer system described in Okihara at all. Thus, "it is impossible to have a hydrogel 
present." (Hennink Decl., ^ 5). 
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Because the Okihara reference fails to describe hydrogel compositions, the claims are 
not anticipated. Thus, Applicants submit that the claims as amended are novel, and respectfully 
request that this rejection be withdrawn. 

The Office also rejected claims 1-10, 14 and 21-26 under 35 U.S.C. § 102(b), as 
allegedly being anticipated by Hennink et ah (WO 98/00170). As the Office has indicated, Hennink 
discloses hydrogels containing hydrolysable bonds consisting of two interpenetrating networks. 
The Office also indicated that "Hennink does not exclude oligomers that are formed from the d- and 
1- monomers." (Office Action, page 3). 

Whether or not WO 98/00170 excludes oligomers formed from d- and 1- monomers is 
irrelevant. As indicated in the Hennink Decl. \ 8-9, WO 98/00170 does not disclose a hydrogel 
comprising two polymers, each having a chiral substituent that is in essence complementary to each 
other. The only reference made to the isomeric form of the lactide is in Example 3, which describes 
the synthesis of dex-lactate-HEMA by coupling L-lactide and HEMA thereby forming HEMA- 
lactate, and coupling the HEMA-lactate to dextran. In this example, the lactate is only used as a 
hydrolysable spacer, and not as a chiral substituent of a water soluble polymer that interacts 
noncovalently with another polymer having a lactide substituent of opposite chirality. The 
hydrogels in WO 98/00170 are prepared by free radical polymerization of a crosslinkable group 
such as methacrylate, acrylate, vinyl ethers and vinyl esters, thereby forming a covalent interaction 
between the crosslinkable groups. (See e.g., WO 98/00170 on 6:23-27; 9:14-23; and Example 5). 

However, crosslinking of polymers to form hydrogels by chemical means has the 
disadvantage that the required conditions may affect the drugs encapsulated within the hydrogel. 
Thus, network formation by physical non-covalent interactions between groups or segments of 
polymers is favored. To create physical cross-links, dextran was substituted with oligolactic acid 
side chains containing L-lactic acid (dex-L-OLA) or D-lactic acid (dex-D-OLA) enantiomers. 
Surprisingly, when aqueous solutions of dex-L-OLA and dex-D-OLA with minimum chain lengths 
of 1 1 lactic acid units are mixed, the L-OLA and D-OLA grafts associate to form a hydrogel. (See 
Hennink et ah, "Fast Biodegradable polymers," attached at Exhibit IB, pages 411-12). 
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Thus, unlike the hydrogels in WO 98/00170, the invention as claimed relates to a 
hydrogel comprising two polymers, each having a chiral substituent that is in essence 
complementary to each other. Because Hennink does not describe hydrogels comprising two 
polymers having chiral substituents that are in essence complementary to each other, wherein the 
groups on the polymers interact noncovalently, the invention as claimed is novel. Accordingly, 
Applicants respectfully request that this rejection be withdrawn. 

Rejections under 35 U.S.C. $ 103 

The Office rejected claim 1 1 under 35 U.S.C. § 103(a), as allegedly being unpatentable 
under Hennink (WO 98/00170). Claim 1 1 depends from claim 1, and contains all the limitations in 
claim 1. As previously indicated, the Hennink reference neither teaches nor suggests hydrogels 
comprising two polymers having chiral substituents that are in essence complementary to each 
other, wherein the groups on the polymers interact noncovalently. Thus, claim 1 1 is nonobvious 
under Hennink and Applicants respectfully request that this rejection be withdrawn. 

The Office also rejected claim 12 under 35 U.S.C. § 103(a), as allegedly being 
unpatentable under Okihara. Claim 12 depends from claim 1, and contains all the limitations in 
claim 1. As previously indicated, the Okihara reference fails to describe hydrogels at all. Thus, 
claim 12 is nonobvious under Okihara and Applicants respectfully request that this rejection be 
withdrawn. 

Furthermore, the Office rejected claims 15-17 under 35 U.S.C. § 103(a), as allegedly 
being unpatentable under De Jong et al (Macromolecules 31 :6397-6402 (1998)), in view of 
Brannon-Peppas (Int. J. Pharm. 1 16: 1-9 (1995)). In particular, the Office indicated that "[t]he 
lactides and glycolides are water-soluble and thus De Jong and Brannon both disclose waster- 
soluble [sic] polymers." (Office Action, pages 4-5). Applicants must respectfully disagree. 

De Jong teaches the synthesis of lactic acid oligomers from heating a neat mixture of 
lactide and a compound with a primary hydroxyl group such as 2-(2-methoxyethoxy)ethanol as 
initiator, and subsequent addition of stannous octoate as catalyst. In particular, a mixture of L- 
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lactide (or D-Iactide) was stirred at 130 °C "until the lactide was molten." (See, De Jong et al, page 
6399 at column 1). De Jong is silent regarding water soluble or water dispersible polymers, let 
mixing two mixtures of water soluble or water dispersible polymers, each substituted with 
oligomers or co-oligomers at least partly formed from chiral monomers of opposite chirality. 

Furthermore, De Jong fails to describe an aqueous system. As previously indicated, 
poly(lactic acid) and its copolymers with glycolic acid are insoluble in water. De Jong's failure to 
teach the preparation of hydrogels as claimed is not remedied by Brannon-Pappas, which merely 
describes the use of biodegradable polymers in controlled drug delivery. Thus, even if De Jong and 
Brannon-Pappas were combined, the combination fails to teach the process as claimed. 
Accordingly, claims 15-17 are nonobvious under De Jong, in view of Brannon-Pappas, and 
Applicants respectfully request that this rejection be withdrawn. 
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CONCLUSION 

In view of the above, each of the presently pending claims in this application is believed 
to be in immediate condition for allowance. Accordingly, the Examiner is respectfully requested to 
withdraw the outstanding rejection of the claims and to pass this application to issue. If it is 
determined that a telephone conference would expedite the prosecution of this application, the 
Examiner is invited to telephone the undersigned at the number given below. 

In the event the U.S. Patent and Trademark office determines that an extension and/or 
other relief is required, applicant petitions for any required relief including extensions of time and 
authorizes the Commissioner to charge the cost of such petitions and/or other fees due in connection 
with the filing of this document to Deposit Account No. 03-1952 referencing docket no. 
3 13632001000. However, the Commissioner is not authorized to charge the cost of the issue fee to 
the Deposit Account. 

Dated: January 20, 2005 Respectfully submitted, 

ByJlW 
Emily C. Tongco 

Registration NoY: 46,473 
MORRISON & FOERSTER LLP 
381 1 Valley Centre Drive, Suite 500 
San Diego, California 92130 
(858)314-5413 
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DECLARATION UNDER 37 CPR 1>132 



I Wilhclmus Everhwrdus Hennink of Zuidplaslaan 120 NL-2743 CZ Waddinxvean, 
the Netherlands declare as follows. 

1 . I am employed by The University of Utrecht as professor, I am an expert in the 
field of hydrogel compositions, as evidenced by the curriculum vitae attached hereto as 
Exhibit A. I am an inventor in the present application and am also a co-inventor in 
WO 98/00170 
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2. I have reviewed the Office Action mailed by the Examiner on October 20, 
2004, and the references cited by the Examiner in the Office Action- This declaration is 
being submitted in response to the Office Action to distinguish the present invention from the 
prior an references. 

3 . In accordance with the invention, a hydrogel is farmed by mixing aqueous 
solutions or dispersing of a water-soluble or dispersible polymer (e.g. dextran) to which 
oligomers of opposite chirajity arc grafted or otherwise substituted. By this process a 
phvsicallvj ftnked hydrogel is obtained. 

Stereocomplex formation between poly(D-laciic acid) andpoly(L-lactic acid) has been . 
demonstrated in the prior art to occur when these polymers are dissolved in a suitable organic 
solvent (e.g. dichloromethane) followed by evaporation of the solvent. 
We were the first who demonstrated that stereocomplexes can be formed by mixing aqueous 
solutions/dispersions of a water-soluble or dispersible polymer (e.g. dextran) to which 
oligomers of opposite chirality are substituted (preferably grafted), 

4. One of the important aspects distinguishing the subject-matter of present 
claims from the cited references of Oldhara et al. (J, MaeromoL Sci. Phys (1990) B30 (1 & 
2) 119-140) and WO 9S/Q0170 (in the name of the undersigned) is that the present claims 
relate to a hydrogel composition comprised of a mixture of two types of water soluble or 
water dispersible polymers that arc substituted with oligomers or co-oligomers, wherein the 
(po-)oligGmers in. the first polymer are at least partly formed from chiral monomers and 
wherein the (co-)oligomers in the second polymer are at least partly formed from chiral 
monomers with a chirality that is opposite to that of said monomers in the first polymer, such 
that the chiral port of the (co-)oligorners are in essence complementary to that in the first 
polymer. 

5. Oldhara et al. does not disclose a hydrogel. Firstly, no water is present in the 
described system. Hence, it is impossible to have a hydrogel present. 

6. Secondly, Oldhara et al. does not disclose water soluble polymers. The 
Examiner states (on page 2 and also other pages) that "polymers of lactic acid and glycolic 
acid are waxer-soluble; at the worst they are sparingly soluble", This statement is incorrect. 
Poly(lactic acid) and its copolymers with glycolic acid are not soluble in water, but they only 
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dissolve in organic solvents. Confusingly, these polymers are sometimes called water-soluble 
in literature, but this characteristic refers to the ability of these polymers to degrade to low 
molecular weigh! degradation products when solid specimens of these polymers are placed in 
an aqueous solution. The degradation products maybe water-soluble. The polymer itself is 
not. This degradation process takes from a few weeks to a years, depending on a great 
number of factors) (see e.g. Hennink WE, Van Steenis, JH and Van Nostrum CF, Fast 
degradable polymers. In: Reflexive Polymers and Hydrogels. In: Understanding and 
designing fast responsive polymeric system. Ed: Yui„ N. Mrsny BJ, and Park K, CRC Press 
page 40M23, 2004). This alleged "water-solubility" is something completely different from 
the physico-chemical definition of solubility (ie. the generally used definition). 

7. Thirdly, Okihsra et al does not disclose polymers substituted with an 
oligomer. Okihara ct al. discloses non-substituted homopolymers. 

8, WO 98/00170 does not disclose a hydrogel comprising two different 
substituted polymers, wherein the chiral parts of the sttbstituents are in essence 
complementary to each other either. 

9, The only reference made to the isomeric form of the lactide is in Example 3, 
which describes the synthesis of dox-lacmtc-HEMA by coupling L-lactide and HEMA 
thereby forming HEMA-lactate, and coupcling the HEMA-iaetate to dextran. In this example 
the lactate is used as a hydrolysable spacer and not as a obiral substituent of a water soluble 
polymer that interacts nancovalently with another polymer having a lactide substituent of 
opposite chirality. Thus, WO 98/00170 fails to describe a gel using two types of polymers, 
each having a chiral substituent that is complementary to the other. Furthermore, unlike the 
invention as claimed, the hydrogels in WO 98/00170 are prepared by free radical 
polymerization of a crosslinkable group such as raethacrylate, acrylate, vinyl ethers and vinyl 
esters, resulting in the formation of covalent bonds. 

10. I hereby declare that all statements made herein of my own knowledge arc 
true, and that all statements made on information and belief are believed to be true. Further 
that these statements were made with the knowledge that willfully &l$e statements, and the 
like, so made are punishable by fine or imprisonment or both under Section 1001 of Title 1 8 
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of the United Stares Code, and that such willfully false statements may jeopardize the validity 
of the application, of any patent issued thereon. 



Date^ 



{MS- is 
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culum vitae Wim E. Hennink 

Professor Wim Hei^inli^Wttffled molecular sciences at the Agricultural University of 
Wageningen, The Netherlands. He graduated in 1981. He obtained his PhD. in 1985 at 
the Twenie University of Technology. From April 1985 until November 1989 he 
worked as a research scientist at the Plasric and Rubber Institute TNO in Delft, the 
Netherlands, From December 1989 until July 1992 he worked as a development 
engineer within the R&D Department of Fasson in Leiden s the Netherlands, In July 
1992 he took up his present position. From 1996 on he is Head of the Department of 
.Pharmaceutics, Utrecht Institute of Pharmaceutical Sciences. Utrecht University. From 
from 199? until 2005 he was European Editor of the Journal of Controlled Release. His 
main research interests are in the field of polymeric drug delivery systems. 



Appendix: list of publication 



LQCflTIE:+31302517839 



QNTV.TUD 20.01. p 05 10:09 



20- JAN. ' 05 (DON) 12:19 P. 007 

, 22.JfiN.2005 U:44 NR. 923 P. 7/16 



List of publications, Wim Hennink» January 2005. 
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INTRODUCTION 

In principle polymers can bo degraded via a variety of routes i M i,„Hn» w 
(pyrolyalB). radiation (ultraviolet, flLnm). ^da^^« S '^5^. j f 
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degrade under physiological conditions almost exclusively by 
hydrolysis of labile bonds present in Che main chains, crosslinks/ 
Responsive synthetic systems chat react In relatively short rimos"(eedj 
See other chapters in this book) to an external stimulus (tempafai&j 
well known. In concrasp, degradation of polymers at 37'C triggareTi 
pH, takes hours or days to months. Therefore, rapid biodegradafnljtyijj 
chapter should be interpreted as a relative valua, ' . 

The advantages of btodegradahility of polymers used for the Bjjpjj 
tinned abovo are obvious. One major benefit is the fact that abiodi 
or Implant does not have to be removed when it had fulfilled its i 
course, care should be taken to ensure that nontoxic degradation product 
In principle, this can be guaranteed by using polymers composed .oil 
oompounds and this explains the popularity of the polyflactic acid) and pi 
acid) families of polymers. 

BipdegradabiQry can be used to modulate the properties of aysi 
control the releases of biologically active substances (drugs, phszznace^ticj 
proteins, antigens, vaccines) from polymers This chapter presents an ovdj 
some important classes of biodegradable polymers. Their properties, pa* 
their degradation characteristics, are described and strategies to modutefti 
degradability levels are discussed. Three main classes of biodegradable pot 
systems are discussed* namely hydrophobic materials, insoluble but swelte^ 
terns (bydrogels), and fully soluble polymers. 

BIODEGRADABLE HYDROPHOBIC POLYMERS 
Polymer Degradation; General Considerations 



A groat variety of biodegradable polymers (also called bloorodible polymers) 
been developed. Tnepe polymers degrade due to bydrolydcally sensitive group*, 
which the monomers that form the polymer are connected with eaoh orher, Di ' 
degradation, low molecular weight wafesMoluble degradation products (monomer^ 
end oligomers) are formed and leave the remaining solid material by diffusion. IwS 
degradation products are excreted via the kidneys, further degraded as oligomer^ 
or metabolized as in the case of lactic acid into water and C0 3 . Table 19.1 present,v/ r 
an overview of the factors that affect the degradation of polymeric materials. \j 

Table 19.1 shows that the biodegradation cute of a material dapandfl on several * 
factors among which are the geometry and porosity of the dagradahla device. 13 The ; ; 
biodegradation rate also depends on typical polymer characteristics such as the type, 
presence of comonomers, and molecular weight. 

Hydrophobic polymers with hydroiyzable bonds mainly degrade via chemical 
hydrolysis; enzymatic catalysis does not play a role, Since water is necessary for 
the degradation process, the degradation rime (the time required to fully dissolve a 
solid material made of a biodegradable polymer) depends on the wator-abaorbing 
capacity of the material and the chemical nature of the hydroiyzable bonds. Although 
die materials discussed in this secdon are hydrophobic and therefore do not dissolve 
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TABLE 19.1 

o^l^ Hydrofytlc Delation Behavior 
of Biodegradable Polyesters 

Water p^eahilky 90d golubilijy (hydropWUclty hy^pfaobiolry) 

Mflchanism of hyd^jyai, Concave, anroowalyde, cn^fc) 

Moipholoey (ctysfaliMo, amorphous} 

Device dimension ftf**, sbspe. wrfwsc-to.volqmc ratio! 

(Jltai tranriUon tompwato) telauy, rubnwy) 
! Mftloculw wfljgm ttncj moiecito weight ditnyUmdon 

SSSfi 1 ^^ Cm mhUi&it toDic **** pfI) 

Site of un plantation 

: - ... Andcwnn, J.M, in BhmuUcal Application* qf&nthrtc ftp. 

dtaradablc PtHymw Hollar. / l0l( Bo\. CRC Pro™, Boca Raton, PL " 
; 1W5« chpp, 10. 

, . «vwn»eat -Generally apoaWng, for a certain class of Stated polymers Sa 

f^fS rt b ° nd j by f Wh, e b the vomers arc covaleatly linked. As a 5h?x2e 
mioses ux flic order of amide <- enter <- carbonate <- anhydride. 2 

fe a ^^ p( ^ rta ' lt Bffect8 Wo*«wM«i time and othor character- 

M« of polymwc materials Is the morphology of the matrix. Many dXradaMe 

fru can crystallize, In addition to a crystalline phaae, these materials Xw e 
gorphou* (noncrystaUlw) phase,, The presence of a cr^KpSe has hZ 

S B fL ^ T we , a - mdercd a™*** with low free volumoMbTwS 
d^° I,y * * P ° lymoric da ^^ with increasing eWitaZy 

to absorbing capacity increase* blodegradaclos Dime. aocreaamg 
feS^ ^ groups b the crystalline phase are fer tea* 

BSS ? " th ^ *• 8ftme bwda amorphous phase heoWe^ 

KSZ T5^V" , 2 rt * to water mdacuL, ifi r^arTaSn 
BeryataUbB materials, the Gradation starts in the amorphous phase. As acon- 
few* . flw ' «yaraW ? ity m the remaining system increafios durJnldegrairioo. 
IS «^ ,^ t8 ? na re ^ 0Dfl ^ surface eSoifSe btod> 

E«ly by Van's research group.i«7 The lessons learned to this polymw are 
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FIGURE 19.1 Bulk hydrolysis versus surface erosion. (From Andwsoo, J.M., in file 
Applications of Synthetic Biod^rwkbU Potymars, Hollinger, I.O., Ed., GRC Prora^ji 
Raton, FL, 1995, flhap. 100 

also applicable to other systems as will ba discussed in more detail in the follow! 
sections. 

Degradation; Surface Erosion vs. Bulk Hydrolysis 

Degradable polymers can ba subdivided into different categories according to 
chemical compositions. Another way to categorize them is according to tbair tftf^j 
radadon behavior, namely degradation by surface erosion or bulk hydrolysis (Flgfifl 

19.1), .Ji 
For the biodegradaiioa of polymeric marerialsi water is necessary to hydrolyw; 
tho chemical bonds present in polymer chains. Even hydrophobic polymers absorb ^ 
water when placed in an aqueous environment. Two extreme situations can be^ 
distinguished. Once the chemical hydrolysis of the labile bonds present in 'tMc( 
degradable material is faster thnn tho in-diffusion of water from the aunDundbgt! /j 
surface degradation (frequently 'called surface erosion) occurs. 18 This aegradaricui^ 
process is characterized by a continuous mass loss of the material aver time. More* »v; 
over, the molecular weight of the polymer in the nondegraded part of the matrix-*'; 
does not undergo a change 

Members of the poly(anhydride) family of polymers (Figure 19.2) as developed 
by Longer et aL 18 -* 1 essentially degrado via the surface erosion process. The biodeg- 
radadon times of poly(anhydrides) depend on the polymer structures between the • 
anhydride bonds. Aliphatic poly(anhydridcs) degrade wichln days whereas aromatic 
systems degrade over months to years* 
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FIGURE 19.2 General structure of polyanhydrido. 
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RCURE 19.3 General amaw 0 f polyfonho W . 

His Wodflgradatfoa dno of a iS^f W by HeIler ^ "workers 
composition JETcE JJS ten f ^EST" 4 CM be wnw " a « by polymar 

of polyCorWste£™« 4netbod 651 ahorteilia ^ the desradstion times 

arable system. SlaTS t ° f a flUrfftC9 

tenftta, in a more or tan zero oXf 32?3 JS^?^ ^ *»*■ 

. degradation process « 1 lease « a for the duration of tbe 

.: material™ ff^SSSJ '2* SaTW"^****"*! 
•toMIe bond* mtS^SS^lSXSti 2Sf W * 6 hydralysis * *<* 
- ** Iuwwbbook rnarfc LdSiJ £1 !f ^ydrolytls i consequently occurs through 

^drorydc ck a v 8|eB of ester bcn^T^s^Tj^^^ 7 ^^ 
$*en the molecular weiirbc has S * , *! ^Sf^on process, 
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FIGURE 19.4 Synthesis of pclyClaciic acid) and poly(glycolic add) and their copdt] 
rrom cyclic precursors, 

reaction of compounds having cwo hydroxyl groups with compounds having 
carboxylic acid groups. Branched and crosslinked structures can bo obtftiodij|3 
using triftracdonal and higher functional monomers. Indeed, a great variety of ltfli 
aliphatic polyesters have been synthesized chnmicalty. 3 ** 0 Natural polyester* 
also known, Certain microorganisms can,ponvert gluooed or other augers into'al^ 
phadc polyesters under certain conditions, then we diem as carbon and enes^ 
sources, A well-known example of these materials is polyChydroxybutyrate.or 
FHB). 5U * f: 

An Important doss of hydrophobic biodegradable polyesters is the polyCiactip' 
acid) family of polymers. Poly(lactic acid) and its copolymers with g^ceHo acid 
have very good biocorapadhiliey and yield nontoxic endogenous compounds p$> 
degradation products."" 33 These polymers have boon studied for a variety of bio- 
medical, biotechnologies!, and phsrraaceudcal applications. 

Palyftactic acid) can be synthesized by a polycandensatian reaction of lactic 
acid at high temperature. 30 This route, however, yields relatively low molecular 
weighs polymers. High molecular weight poly(iaetic acid) and poly(glycolic acid) 
and their copolymer* can be synthesized routinely by ring opening polymerization 
of the dilaotonc of lactic acid or glycolic acid using stannous 2-athyl hexaaoate or 
ziqc powder as a catalyst (Figure 19.4). Moreover, by synthesizing poly(a* 
hydroxy) acids via controlled ring opening polymerization, polymers with low poly* 
disparities and bloclc copolymers with well-defined structures can be produced." 
Because pely(Jaetic acid) and poly(glycolic aoid) are moat commonly synthesized 
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TABLE 19.2 



Polymer 

FolyOJtL-hctJdtO 
J^Iy Cglycolide) 

50:50 PolytDL-lflcrtde-co.glycolicIft) 
85: iS PcOyCDL-liictldc^giycoJije) 



BiodegKuUtlonTlma 
(Months) 

2-4 
2 

2 



are ajflo known ea polylactide- 

» hydrpptobic ^eSc«r3S ;S } P"^ 80,1 P»W«««to acid) «ra rather 
toted by copolymerizadon^ i i2£^*?S , ? y ^ Aew ^J* 1 ** " a *>« e^- 

tioSroUed rftSi u P y * W 18 P rascnfl y ^der investigation for 
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FIGURE 19,5 Biodegradable polyesters with pendant functional groupfl, (a) PolyCWacttf 4j 
co-^-p-malic add). (From He. B. ot aL, Polymer, 44, 969, 2003, With potnOs«lon,ii 
(b) Po|y(cart>opaw ester) of glycerol and lactic add. (Ftorn Ray, W.C, and Giinfltaff, M.W»g 
MacnrniaUcuUs. 36, 3557, 2003. With permission.) (o) Po]yGacug aeid-co-lyflinc). (Ron?? 
Liu, Y. et al„ £kk flo/yro. 39, 977, 20D3. With permission,) 

An important and obvious strategy to modular^ (shorten) the biotegradartoifci.] 
times of aliphatic polyesters ia to hydrophilizo these polymer systems via the intro^ V 
duction of functional (e,g. ( OH, COOH, or NHj) side groups in the polymer chains,^ 
the introduction of hydropbilic blocks i n the polymer chains, or blending with* 
hydrophllic polymers. Functionalized polyesters have been synthesized recently 5(W5 w > 
and Hgure 19,5 shows some representative structures. 

The properties, particularly biodogradability, of these newly synthesized polymers 1 \A 
have not been studied in full detail yet. However, it is likely that those function alized " * 
polyesters degrade more rapidly than their nonftinctionallzed counterparts. Two rca- 
- sons can be given to substantiate this hypothesis. First, functional groups incmaso 
the hydrophiliciiy of a polymer. Since water ia necessary for hydrolydc degradation, 
a higher water content of polymeric material will increase degradation rata. Addi- 
tionally, a higher water concent in the material will result in a higher dielectric constant 
in the homogeneous material, In a study published recently, a higher dielectric con- 
stant of the medium caused a higher susceptibility of ester bonds for hydrolysis. 40 

Second, these hydropbilic functional groups may also act as catalysts in the 
degradation of ester bonds present in the polymer chains. When the content of the 
hydrophilic monomer exceeds a certain limit, the polymers can become folly wacor- 
bqIudIb. These funciionaltead water-soluble polyesters can be used for the delivery 
of DNA whan cadonlo groups are Introduced or for the design of macromoleoular 
prodrugs when carboxylic acid or hydxoxyl groups present in Side chains are used 
for the eovaleut attachment* of drug molecules. u 

Aliphatic polyesters can also bo hydrophlllzed by synthesizing block or graft 
copolymers of PL(G)A and polyethylene glycol) (PEG) or dextran. In fact, the 
materials formed (hydrogela) have high water-absorbing capacities; their properties 
will be discussed in the next section. 
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BIODEGRADABLE HVDROGELS 
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separation. To be offeocivo ffiSS"' 1 ,*' contact tensos andprotein 

are ^ W«oiZS fiS^ 
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Hvobqcsl DecRMunoN: Surfacb Erosion vs. Bulk Hydrolysis? 
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Hydrogels can also degrade by enzymatic action. Examples of 
gelatine, starches, and dextran hydrogals that can be degraded by tryJL 
and dcxtranase, respectively.'* When an enzyme is added to a preforms! 
surface erosion occurs. In general, the degradation time increase* ^lif 
.concentration of enzyme and decreases with increasing crosslinlcing tfa 
gal, as noccd in the literature concerning the degradation of croralinlcecH 
by dcxtranase. 63 -v*. j 

Enzymes can also dograde hydrogete by boll: degradation. For thofo'L 
matching enzyme is added to ahydrogel fonnulation before the aosslinkingjl 
la carded out Again, the time to dissolve the gela is dependent on the - 
enzyme present in the gel and the crosslink density of the gel, as demon 
dextran hydrogels with entrapped doxtranaae.* 3 When the crosslink dan_ f 
high, the enzyme is not capable of cleaving bonds in the polymer network 
gel remains stable over dine. 64 

Chemically Crossunkep Davtran Hydhocels 

Dcxtran is a namrally occurring water-soluble polysaccharide with excellent L~ 
patitality, usod as a blood plasma expander, For that reason it is a good can$3a$rf 
hydrogel preparation. One way to prepare hydrogola from watotusoluble poly " 
through network formation by chemical croafllinWng, The method we used was ^ 
free radical polymerization of daxtrans modified with methaaylate groups, pe 
derlvadzed with methaaylate eaters (dexAlA, Figure 19,6a) was obtained byjs 
of the polysaccharide with glyddyl methaaylate.^" In the corresponding cross 




FIGURE 19,6 PolymciizablfideicrrandBrivadvofl used for thspnsp&nidon of hydrogels. (Ftara 
Van DJjk-Woitfaufc, W.N.B. et ol, Maetvmohcultj, SO. 3411, 1997 and Van DUk-Woliinifl, 
W.N.B. et nl., Macromoiceulet, 30, 4639, 1097. With permission.) 
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fSSL W ^ B ^°f « «* dex-HBMA (open symbols) and dex-tosta-HEMA 

55r 1, Tv? 70 * ! f D! , <toK :«EMA 90%; Ei 60%; F: 70%. <Pro« Van dXwo£S£ 
WN£. et al., ¥aen>moleemes, 30, 4639, 1997. With pomlMian,) ^ ' 

netwofto.tl* ester bonds appeaigj very stable. Under physiological conditions, dex- 
MA aydrogels showed few aigns of degradation over a 5-nwnth period." Oa Una other 
hand, when hydrdytolly sensitive spacers wa» Introduced bafwosn the methacrylaia 
groups and the dextran backbone, degradation was significantly enhanced, 

Hydrogels prepared ftom dextran to which 2-hydroxyethyl methacrylace units 
were coupled via a carbonate bond (dac-HBMA, Hgufe 19.6b) degraded under 
physiological conditions, probably due to the hydrolytioal instability of the carbonate 
bonds. Rirflier Increase of the degradation rate was achieved by introducing addi- 
SSSJ 1° temtspacaa between theHEMA units and the bae&bona (dex-laotate. 
HEMA,RguiB 10.6o), As thown in Figure 19.7, the degradation time of dex- 
lactata-HBMA can be fine-tuned by the degree of substitution of dextran and tho 
weal water content of the hydrogels from 2 days to 2 months « As a consemiencc. 
flie release rates of encapsulated proteins can be tailored » a similar extent? 

Physicauy Crossunkto Dextran Hvdrqcbu 

ODitUldqpj of polymers to form hydrogels by chemical means has the disadvantage 
Jat the required conditions may affect the enwpsnlated drugs. This is ospaSX 
Uncase when highly sensitive Womolecule,. such » proteins w d gene, 
^F^r^T* 3, Ne i tW ,° rk fw ?i? loa ^PhyrioaHnteractions between groups 

■ "f 8t ? ptyalcal CfossUnks ^ biodegradable dextrai hydwgeJs. DarW 

was substt^uted widi ollgolaetle acid aide chains containing I,kI3 (2E 
OLA) or D-laotlc acid enantiomera Cdasc-O-OLA; Figure 19 8) 
ta "opolymers are soluble in water when abort OLa grafts axe attached 

■ 1, r^f* f!!**/T lBW>rtn »lR when aqueous solutions of d«-L-OLA and 
■'■ ^?: 0LA : ^"ilnim* 1^ of 11 lactic add units are wiwl. Se 
. VOLA and D-OLA grafts associate to form so-oafled stereocornplex crystallites 
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FIGURE 19.0 Dcxtran grafted with oligol flc tare chains. (From Do Jong, SJ. ec el* 
molecules, 33, 3680, 2000. tyifc permission.) ; ( ., 

and visooelastic gels. ITiese hydrogels are thaxxnoreversible; they can be 
and reconstructed upon heating and cooling respectively^ Degradation of ttw 
OLA gala occurs through hydrolysis of the OLA. grafts. Af cer an initial a- 
phase, the gels fully degraded in 1 co 7 d, depending on tho degree of subst 
of dextran and the initial water contents of the gols, 69 

A more detailed investigation of the degcadation of one of the single enaritU 
(dex-L'OLA) revealed that die amount of lactic acid still grafted co the backb*' 
deoreased with a half-Ufe of about 2 days (physiological conditions). Masa n 
trometry analysis of the degradation products suggested ihat the carbonate fa 
connecting the dextran with the lactic acid oligomer was hydrolyzed first* This ' 
be attributed to the neighboring dextran hydroxy groupa that stabilise the transl ' 
state during hydrolysis. This phenomenon results in the removal of a complete * 
chain that then further degrades to smaller oligomers. 69 HPLC analysis showed u, 
the degradation of die latter oligomer* proceeded stepwise from their hydroxy. 
Eermini with half-lives of a couple hours a; pH 7. One lactic acid dirocr was apHt< 
off in each step by a procass called backbiting." 6 

Degradabw Hydrogeis Based on Amphifhiuc Copoiymhrs 
of PL(C)A and PEG 

Blockcopolymers of PEG end PL(QJLA (Figure 19,9 shows a representative struc- 
ture) were ayruhosized with the aim of using tho polymers for the delivery of certain 
phannaceuticaOy activeproreinB. 70 -^ 

PEG was introduced to Increase the waserabsorblng capacity of PL(G)A sys- 
tems. By controlling the water content, die intention was to simultaneously control 
the compatibility with entrapped proteins, their release rates, and the degradation 
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FIGURE 1 9.9 A-B-A trtblock copolymer at PEG and poly(a»hyd»Jcy ncJdi). 



20- JAN. ' 05 (DON) 12:41 

TQH .20135111:391 



Fast Biodegradable Polymers 



413 



^"^c^ters such as P^y(B^4pn>^c^^^^ad pSj)c^3^^^iosw taoraie)'* 
«** ABA block copiers (I^WoSS^fSS 

ss?£?!? ars ss?' -» «*™ Boiutjoos obi: 

m ^A A v! du f k CQ PolymcK of PL(G)A CA block) sad PEG (B block) with Ion. 

!!££S2?2f Drained 8 y BWnw based on these triWoek copoS? Wro 
prepared essentially using the awe methods (a*., solvent evaporation) devolowd 
£l£?5!^ W nucrosphexe*™-* TJw 'iSRgX 
behavior of hydrogels based on PL(Q)A-PECWL(G)A blackcoporymon has been 
summarized by KisseJ « al .» The degradation of these po S^SXSfcJS 

*MO)A'EBG-PL{G)A have been devised yet 

no » S^IS 3 ^ P ? A " PEG - pQA « a in water and consequently do 
notfcnahydcoEeto when the degree (rfpolymeriaationofthepolyeaterohainais S 
and the j wotociite-wJrtpaf-ito PEG block H I to 20 kDe.'« ^drggeS b^ed on 
2^? W^opoiymers were obtained by the reaction of (he hydros f SntefwS 
H?£^£^ by f ^ P«W1»*» of the acrylS hH-^G- 
Ss^ST"? Th * 1 de * ri " 1 * io * dfafiS of the gels obtained under pbyddogSd 
JESft^T *»« dm li "» co «iposidon and varied from 1 to 120 d. GenefaHy 
T^*t l0Rg " * 9 PB0 chains . Jew dene* the network and the ahorterZ 
degradation time. Fur*cr, systems with PGA segments degraded fester than com- 
parable system* , with PLA. The degradation behaviors of those gob Werc m oS 
by Martens and Matters et al. and the developed models clearly describe tfao observed 
degradation and mass loss profiles."'" 

A major breakthrough was realized after it was found chat PHG-PL(G)A-PBG 
SotL^&m?^- 30 ^ 16 ™» temperature and solid when 

* l£ « 9 rS: ^ 9ol -"* el Caviar depended on the molecular woiehts of 

betavlor makes these systems very attractive for biodegradable injectable S 1L 

SSSf!^ 0 ^ 0 "P° lyincrs «*• « ^^^i degradableandhavThalf-Uves 
• ^d. yS ° ^^^iodegradabm^ relationships have SZ 

BIODEGRADABLE SOLUBLE POLYMERS 

IkTER SOLUBIB POLYMERS FOR TUMOR TARGETING 

t^S** P f?J » can be di T sra£jed waymatfcally [polymers baaed oa natural 
p.«moved from the circulation by excretion via the kldtw ffi JriSSS^S 
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u not coo liigh (e,g„ «40 kDa for dextran)." Soluble polymers are era* 
investigation as targeted delivery systems, for example, tor cytostatic • 
drugs are covalemiy linked to polymers via degradahle linkers. 

Worth mentioning is the important work dona by Ropocek, tflbric#eji 
on polyCN-G-hydrtsxy^ conjugtice^l 
polymers we designed 4a such a way that they are stable in the gone^o™ 
and degraded in the endosomal and lysosomal compartments of tumorc$0 
process liberates (releases) aerglymar-bound drug by interpolating a pep» 
between the polymer baekbona antf "doxorubicin that ia s^clificiUy cW 
proteases present in tba cell organelles. As e resulva high concentration^ 
cytostatic drug is delivered totracollulariy, but not outside the cello. TW'< 
effects of the toxic drug ere ininirnizcd. Itanor cell recognition and npfcfcb 
polymeric prodrug are promoted by the coupling of a targeting ligand [moffl 
antibodies (fragments), galactose] to the polymer-drug conjugate*" 

In a more recent approach, doxorubicin was coupled to the polymer b£&L 
via a hydrazone bond that was stable under physiological conditions (pH I'M 
hydroiytically degraded la a mild acidic environment" This means that tha^fe 
was released ooca the polymer-drug conjugare entered the endosomal and lysoaon 
compartments o£ cells, The advantage of this chemically degrading system oveVi 
enzymarically degradtag polymeric prodrug is that release of die drugU indepedael 
of proteolydc aetivhy in tho endosornes. 83 

Dwradaslh Polymers fob Guns Dbliv^ry X 

Ocno therapy has been proposed to trest diseases such as cystic fibrosis that origin*^ 
from inherited genetic deficiencies and also to treat acquired gonerio disorders s^cti^ 
as cancer, cardiovascular disease, and rheumatoid arthritis."* In order to mmm,? 
the exogenous gene, the DNA must be delivered Into the nucleus of the target eel£ V * 
Since DNA is a largo hydrophffle molocuie with an overall negative charge, it does V 
not easily pass through cellular membranes. Furthermore, DNA must be protected 
from degradation by dcoxyrlbonucloasea (DNasos), 

To obtain acceptable gene expression levels, the use of a carrier, e.g.. a cationic 
polymer, is required to bring the plasmid Into the target cell* Known polymeric 
carders such as polyethylenimino (pEI), pdyC2KUmetbyIarniiioethyl metbacrylate) 
(pDMAHMA), ftndpoly-^Iysine (pLL), are nonbiodegradable (pH andpDMAEMA) 
or show low transfocdon activity (pLL).W 7 

Considerable efforts have been made In recent years to design biodegradable 
polyoations than can be used as synthetic DNA carriers. The use of degredable 
carriers would allow controlled release of encapsulated DMA altar it is taken up by 
target tissues or cells, followed by subsequent metabolism and excretion of the 
carrier. A sufficieuily long lifetime of the carrier, l.e., a few hours, is required in 
order to allow the polymer-DKA complexes to reach the target sites unaffected after 
intravenous or other administration. However, to deliver and release DNA efficiently 
into calls, a carrier should preferably be degraded within a few days. 

The u« of degradable polyester* as geno delivery systems has some advantages, 
since they form nontoxic degradation products. For example, PL(G)A microspheres 
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FIGURE 19.10 PoJy(4-hydroxy-^proUne e«ar)« 

haV fi b ^.^? d afl car ^ rt ' but rfow dflgradation mces may limit their 
appUc&Mity in gene therapy * Increasing the hydrophiliciiy of polyesters by using 
hydrophilic comonomers is a frequently exploited strategy to accclarwo hydrolydo 
flegradanon (sea the sccdon discussing biodegradable aliphatic polyesters), 

Aawng the most rapidly degrading polyesters art chose substituted with eaibox- 
yUo add or amine groups For example, a 00:10 copolymer of Jaede acid and * 
roahe acid degraded within 1 wk ac pH 7,2 and 3TC,"' The influence of amine 
substitution was ahown by Larger et al., who compared the degradation of polyClactic 
acl<0 andpolyflactfc add-co^lysine). Tha latter polyester appeared to degrade to half 
m molecular weight after 5 wk (pH 7.1 and 37'C). whereas polyGactic acid) took 
15 weeks under the same conditions to degrade to ihe same extent 100 Thus, water- 
soluble polyamlne polyesters may be potentially useful for the delivery of genes 
because diey can form poiyiou complexes with DNA and way degrade rapidly • 

PoM4-hydroxy-t-proUne eater) (PHP; Figure 19.10) was the first water-soluble 
polycadonic biodegradable polymer to be used as a gene carrier, as reported lade* 
pendnndy by Parte et al' 0 ' and Longer et el 1 " 

The degradation of the polymer In aqueous solution was monitored atpH 7 and 
3TC using matrix-assisted laser desorption/Jonteation timo-of-fllght (MALDI-TOF) 
mass spectrometry. The polymer showed rapid initial degradation to less than half 
the molooular weight of Intact polymer in less than 2 h. However, due to the forma- 
tion of aad degradation products, hydrolysis slowed down after the initial degrada- 
tion phase by decreasing pH of the solution; complete degradation, to monomelic 
units took about 3 mo. PHP was ablo to bind DN4 and protect it against degradation 
by nucleases for at least 4b- IQJ This indicates That PHP in the complex is not degraded 
as quickly as whan the polymer is not bound to DNA- Poly(o(4.ajnlnobutyi)-L. 
^SeTa?'«5^ A: FlfiUrC ls amtao - slib5tituCcd Poster synthesized 

ttowod.ataiflar degradation behavior as compared to PHP. displaying a 
rapid initial degradation within 10O tdn to one third of Its starting molecular weight; 
followed by gradual hydrolysis to the monomers in 6 mo at 37'C. 10 * The rapid 




FIGURE 19.71 Poly(a.(4-aminobu<yIl-L-gIycoUc acid) (PAGA). 
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FIGURE 19.12 Intramolecular dogrndadon of PAOA. 




I- 



FIGURE 19.1 3 Gationie water-soluble polyphasphazenes, (From Luien, J. et aL, /. Control 
ReU 89, 433, 2003. With partaisitoa.) 

hydrolysis of PHP and PAOA is attributed to the secondary amine groups in eaefj ' 
rnonorneric unit that act as uucleopbiles, probably by the mechanism as shown in. 
Figure 19,12. 

In line with the results from PHP, Sim et al. also observed slower degradation 
of the PAGA;PNA complex chan the polymer alone; the complexes were stable for # r 
8 b and dissociated completely in 1 day — a favorable timeftarno for in vivo gene \ 
delivory, As compared with the polyamide analogue of PAGA foolylysiue), the 
polyester was shown to bo a more efficient gone delivery vector by in vitro tests and 
displayed less cytotoxicity*" 4 This result illustrates tbo favorable effect of increased 
biode&odabilicy of a carrier. Successful in vivo animal studies have been carried out 
recently. J" In our laboratory, eadonle polyphosphates (Figure 19.13) were syn- 
thesized and evaluated as gene delivery systems. 108 * 

In vitro studies showed thai complexes of these polymers with plasmid DNA 
ware abb to iransfeet cella. The oy totoxieides of these polymers were less Khan those '''•'<; , 
of other polymerio transfectanis, The polymers were degradable at physiological ^ 
conditions (half-life of 5 to 8 days at pH 7.2 and 37'C). However, no use polymer l 
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CONCLUDING REMARKS 
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Introduction 



Hydrogels are polymeric networks, which absorb and retain largo amount 
of water. In general, hydrogels possess a good biacornparibility, Their 
hydrophilie surface has a low interracial frso energy in contact with body fluids, 
which results in a low tendency fox proteins and colls to adhere to these surfaces, 
Moreover, the soft and rubbery nature of hydrogels minimizes irritation to 
surrounding tissue. Therefore, hydrogels have found widespread application in 
different technological ureas, e,g, as materials for contact lonses and protein 
separation, matrices for celi-enoapsularion and devices for the controlled release 
of drugs and prowins,(i~J») 

For many applications, such as drug delivery, it is advantageous that the , 
hydrogels arc biodegradable. Labilo bonds can be present either in the polymer . 
used to prepare the gel or In the crosslinks. These bonds can be broken under 
physiological conditions, in most of ebe cases by feydrolysiSi either enzyroatfeatfy . j 
or chBinically.ti) It Is of great interest to have control over the degradation-^ 
kinetics; in other words, to have control over the paramexarft by which the - t :j 
degradation characteristics can be tailored. Moreover* onoa the hydrogels are 
implanted it is important that the farmed degradation products havo a lptyWl 
toxicity meaning that the formed oompounda can either be metabolized -laU^f-i 
harmless products or can be excreted by the renal filtration process, The naiti&jjj 
of the formed degradation products can be tailored by a rational and pwjssijF 
selection of the hyd rogel building blocks, : , 

Both chemical and physical methods have been used to create hydrogeis.{fl 
In chemically crosslinked gels, covalent bonds are present between differed 
polymer chains. In physically crosslinked gels, dissolution is prevented' ' 
physical interactions, which exist between different polymer chains. In recti 
years, there is an increasing interest in physically crosslinked gols, espooiaiy| 
which the gel formation occurs under mild conditions in the absence of orj$ 
solvents. The main reason is that the tzae of crosslinking agents and Q&jjl 
solvents to prepare such hydrogels is avoided. These agents and solvents i ' 
only affect the integrity of the substances to be entrapped (e.g. protein^ 
but ihey are often toxic compound* which have to be removed/wctf acted f 
gels before they can be applied. To create physically crosslinked gels' §r/i 
variety of methods have been applied, Including ionic, hytophoW$g 
hydrogen bond interaction,^) Also the formation of crystalline do 
tool to create physical crosslinks. The latter includes the formation deg 
gtereacomplexesi which is the subject of this contribution I& oc 
will describe our newly developed biodegradable hydrogel system -toj 
biocompatible ' substances, Lc doztran and lactic aotd oh"goroe*£*t| 
hydrogels ean be prepared from pure aqueous solutions and can erit 
release proteins and enzymes without Effecting their integrity. 
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Macroraolecular Stereocomplexes 



In low mobDuIar weight compounds possessing a chiral canter, the 
formation of raoemic crystals upon mixing the two onantiomeTs is a walMcnown 
phenomenon* A higher melting temperature (T m ) U frequently observed for the 
raoemic crystallites than for each of the enantloniars. For example, D- and L» 
tartaric acid havo a T m of 173 B C, whereas for its racemic mixture a 2L of 20S °C 
is deteeted.(7) 

In polymers of opposite chirality the formation of racomic crystallites has 
also been observed. In the literature, the formation of such racemic crystallites 
has been referred to as stexeoeomplexes and was first described by Duma* er al 
hi 1S72.(S) They reported a melting point of 165 °C for an optically active 
polyCr-butyl-thiirene) as compared to *205 °C for the corresponding blend of 
poJyCR-i-butyi-thilrane) and poIyCil-f-bu^l-thuxano), The difference in melting 
temperature was due to different crystal structures, m reported by Mauubayaahi 
tt eL(9) Stcraocomplexes were also, observed for mixtures of the R- and S- 
forms of poly(cunethyIbenzyl mothacrylate),C/0) poly(a-mD*yI-o>ethyl-|3* 
propiolactone)_(PMEPL),(j;) .poly(y-benzyl_. glutamate),(i2)^polyfl3.benzyl 
aspartate),C«) and o>olefin*carbon monoxide poly(l,4-lcetoiie)a.(J*) 

It should be noted that the perm stonsocomplex la not exclusively used fox 
racemlo crystallites formed by chemically identical polymers of opposite 
ohirality- Earliar* this term was used to describe- the interaction between 
ayndiotaoclc and Isotactic polymcrfl.(J5, 16) Since thesa polymers do not have 
the lame chemical structure, the teem stareo-selecrive complexes, a* suggested 
by Lohmeyer of al is to be preferred in these cases rather than the term 
srareoooinpbxes,(77) 



FLA Stereocomplex 

Polyaacric acid) (FLA) is a polyester, which consists of repeating writs of 
lactic acid. Lactic acid, 2'hydroxypropjonie acid, contains a chiral conter and 
ean therefore be in the L- or b-conflguration, FLA is usually obtained by ring- 
opening polymerization of lactfde, the cyclic dimer of lactic acid, Bulk 
polymerization of lactide with retention of stereochemistry can be carried our in 
the melt at 130 fl C in *e presence of the catalyst dn octoate,(/o\ W) PLLa and 
PDLA, the homopolymers of L-lacde acid and D4aetic acid respectively, are 
senuerystalline materials. High molecular weight FLA, of either steteateomer, 
hw a melting temperature (Th») of 170 °C, a melting enthalpy (AHJ of 70 J/g! 
and a glass transition temperature (tg) of fiO a C*(20) In blondfl of high moleoular 
weight PDLA and PLLA, a phase wjth a higher T m (230 °C) is observed, This 
pbaaa is ascribed to stereocomplex formation, Racamlc crystals were also 
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observed for the monomer lactide; the melting point (T,J of D^-kctido ^ 
Joctlde Is 95 °C, whereas the l!l raceraate of D P D-Laetlde end W>lactidft | 
higher melting point of 126 t C,(21) The ability of PLA to fomstereoceniej 
was first describad In a patent publication by Murdoch and homis K (2^)^i 
first paper on these complexes waa published by tade*faK2J) . \. 

By X-ray structure analysis, the unit cell of the crystals in the homepplyL^— 
of lactic acid was found to contain two 10 3 helloes; polyCMactidc) eossUStn 
left-handed helical chains and poty(p-lactldc) of right-handed helical ebain*£$g 
In the stereoccrnplex crystal, a polyftrlaotlde) segment and a potytt>4utfm 
segment are paclced aide by side in a 1:1 ratio of u and D monomer wnits^ffl 
paeked laierally in parallel UMoxu{24) Tho unit colt of the complex roitfiol 
three L- and three D-monomar units of the PLLA and PDLA WIIcbb, whlcjrifllffl 
be packed more densely than lefMiandod or right-handed helices alona. Eara 
PLLA and PDLA forms a more compact 3, heli* in the cotnplexcryflCd.C2^-ara 
The following mechanism of growth for the triangular lamellar fiteroocea^lwj 
crystal was suggested by Bdzjsolara ct al\{27) Ai crystallization starts, MB 
example, one PDLA helix will be surrounded by three PLLA helices. Bocaitfe'og< 
the triangular shape of the 3, helix, a triangular nucleus is thus formed whdsk 
respective side* ore built up exclusively by PLLA. In the next step a PDLA layer, 
grows on the crystal structure and then again a PLLA layer grows onto 
PDLA layer and so on. Van der Weals, forces between tho helices causae; 
specific energetic interaction-driven packing of the helices. These interaction* 
cause the higher stability and consequently the higher melting point of tft) 
fit£xeocamplex.(27) 

PLA steroocomplexe? were studied extensively as a new claes ofi 
biodegradable mamrisls with higher mechanical strength, improved ttoanwd 
stability, and less sensitivity to hydrolysis than synthetic polyesters such a&i 
polyCgrycolto acid) and PLA.(25) Stertocomplex PLA fibers were prepared by 4 
spinning from a mixed solution of PDLA and PLLA, and by dry spinning from a 
melt of PDLA and PLLA to obtain reinforced materials, which are itxonger than 
FLLA,(2P) However, FLA stereocomplexes have some drawbacks. They fire- 
highly resistant to degradation and thereby adversely affect the 
biocprop*iibiliiy.(3£H3j) The poor biodegradatlon and btocompadbility of th* 
FLA storeoeomnlexes resulted in a decreased interest in these systems, 
Nevertheless, at present ssoreoDOmplexes have regained interest for application 
in drug delivery systems. 



Hydrogels Based on Stereocomplex Formation 

Stereacoxnplex formation between PLLA and PDLA, as described above, 
has been applied by several groups far the preparation of biodegradable 
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52* : i . 'T 1 fc ™ re . of lheao hydro£eta is that polymer* or oligomers 
too form of blook or firaft copolymers. Association takes piece In crystal^™ 

We would bjce to classify PLA steroocomplex hydrogels bs follows: 

*" PS&P 1 ? 0Ontal,,ln S Wfih molecular weight (HMW) PLA chains. The 
™Mta* enantiomeric polymers (PLLA andPDLA) we already cryrtallke 
and mostly insoluble in wwar. Mixing should therefore take place from 
organio solutions or in the melt, and the resulting blend can TObsequemly bo 

ES^i" • C t ° nB,ct mtar - The dl£ference «* stoooconilex 
hydrogdta with respect to hydrog els containing PLLA or PDLA alooo is that 

SfirStSn M m ° re ataWo 40(1 niletiat tt hJ^olytic 

2. Hydrogels containing olinomerlc lutic W (OLA) chains, whose individual 
enantiomeric polymers (OLLA and ODLA) can be soluble in wapTvSn 
the lactic aeid content fa sufficiently low. This provides the unique 
opportunity to form hydrogels by stereoeomplex crystallization from 
aqueous solutions. 

Stereoeoraplox Hydrogels Containing HMW PLA. 

PLLA and rBUWFDW (PEG « polyethylene glycol)) was studied 
«cSJ° P t PWB ** ta "* b >P4 The release of bovine serum aibuSn 
C8SA) from microspheres based on *ese tribloolc copolymers, has been studied 
by Ua t» al and compared with (he release of BSA from microspheres prepared 
with one cnwidaxneric form of the triblook copolymer aVd with PLA 
nucroBph6W8.(5-0 TJre proufa>!oaded microspheres were prepared by a double- 
emufcion solvent evaporation method. The stereocVwpiex and ataale 
enantiomeric tdblock copolymer microspheres showed a slightly i burst 
retease than PLA .microspheres, which is likely caused by 4c [higher J£ 
uptake capacity of the PBG-containlng microspheres. Although the moipholocy 
of the atereocomp^ex microspheres was clearly deviating, the release of BSA was 
similar to the Single enantiomeric triblock copolymer microspheres. 

Storeocoraplex Hydrogels Containing OLA. 

««i«w^? ,1,a i. Ck t C j poI ^ n ' m6nt *onod in the previous section are water- 
Jolublo when the hydrophobic PLA blocks are sufficiently short The maSpm 
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length of the laatie acid blocks for rendering water-solubility decreases „ 4H|1 . 
decreasing length of the PEG blocks used. For example, PEG-block wiflr-A* 
molecular weight of 13.000 g mol" 1 substituted with on average 26 lactic adi| ; . 
repeating units on each side of tho PEG block are water-soluble and can * 
steraocamplexes upon mixing of aqueous solutions of each wantloinar.(35) • * \ 
Recently, another system has been prepared by Urn ei al t based ani\ 
storaocompiex formation by enantiomeric otigoGactlc acid) (OLA) aide chatai^ 
grafted onto poly(2-hydroxyethyl methacrylace) (FHEMA) <poIy(HBMApji \ 
oligolactate)a),(Jp*) The system was prepared by casting a film ftbm^ 
"PDlyCBEMA-£-oUgoC^^ 

dissolved in chlorofona Among other characteristics, the degradation of the •** 
obtained film was compared with the degradation of a film cast from a solution ; £ 
of a fllnfllo enantiomar of the graft copolymer- Slower degradation was observed . ' • 
for the 1:1 blend of the i> and D-forms than for the single enantiomer. H 
Stereocomplex formation from water was not investigated and ia tna&i likely not ^ 
possible due to the high grafting density. ' : V 
We realized the impartaaca of avoiding organic solvents for the dissolution^ ^ 
of the individual enantiomeric polymers to be used for the formation of :'; 
Btareocomplox bydrogeis when aiming at biamedlc&l applications such as tho 
delivery of phannaceutically active protein*, Therefore, we prepared a 
biodegradable and biocompatible hydrogbls based on dextrin (a natural U 
occurring polysaccharide) grafted with OLA and investigated the minimum and '\ 
maximum length of the grafts required to form stereocomplexes after mixing and ] 
retaining water-solubility before mixing, respectively. The results and the 
application as a protein delivery device will be summarized in the nexr section. 'i 



Dextran-g-OlA Stereocomplex Hydrogeb 

In our Department wc designed a hydrogel system based on dextrin in 
Which crofia linking h established by stereocomplex formation between lactic 
acid oligomers of opposite chirality. First, we investigated whether an 'operation 
window' of lactic add chain lengths is present; in which stereocomplex 
crystallization would occur whithout homocrystalliaation of the individual 
enamiomers. Therefore, we isolated monodisperse lactic acid oligomers by 
preparative HFLC, from a polydiaparse mixture obtained by conventional ring 
opening polymerization of lr or D-Iacttda. It was shown that orystaUinlty was 
present in individual D* or L-oligomcts with a degree of polymerization (DP, Le. 
the number of lactic aeid repeating units) ^ ll, On the other hand, in blonds of 
D- and Lroligomers of lactic acid ery&talliniiy (stereocomplexarion) was already 
observed at a Dp £ 7 (see Figure 1).(37) 
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n8Xt ate P' ^disperse or monodisperss Lr and n-lapdc add 

SEEKS* ** tt **-° nLA . "specttvely, ^variation in DP of die 
rtSnf u ^^ d ° SM ow ,,Ub8 ^ tlcm <° S ' P^^ 0 of substitute de*rw 
IS^Sfv ? CReure . ? } " Interast *nB»y. Produor wm soluble In water 

rffta obtain^ hydrogal singly decreasad upon heating to 80 'cTlbit wS 

I^'SS* 10 ? ,° C *• thenUaverribflity and 

physwal bum of the crosslinks. Tho storaBe modulus of tbc gelt depondaca S 

^T BaWto ? «* *• l»««o add graft. wi their* d^tf 

fa ^^J* * e *« ^ooomplexaiion already 

™,H?v MB ^ 4 ^ chains «i* ft DP S 7. This Staneo CtabS 

wmwnon was mvored when one laeoe aoid oligomer was couplod vk its 
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figure 3, Storage modulus as a function of temperature cfa dextran-g-OLA 
stereocomplex hydrogel (DP^^ a 0, DS » 3, 80 % water) upon heating and 
cooling. The vertical arrow reflects the increase in storage modulus In time at 
20 g C to its original valuta (Adopted pom reference 38.} 
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(B) 




Figure 4. Schematic representation of stereocomplex formation in dexsran^ 
OLA hydrogets, showing the required unidirectional packing of the lactic acid 
chains in two cases: with both enantiomeric OLA chains connected to dextran 
via their OH terminus gtying steric hindrance between the dextran chains (A) 
and one of either enantiomen coupled via the OH terminus and the other via its 
carboxylaie terminus (B). The carboxylase termini are represented by the black 

arrowheads. 
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sonic direction (as explained in Figure 4)<(2<Q 

Protein-loaded bydrogels ware simply proporcd by dissolving the< protein in 
the doxtran^-OLLA/ODLA aolurions prior Co mixing. It was shown that under 
physiological conditions the gels are fully degradable.(40) The degradation time 
depended on (he pH and tho composition of the hydrogel, the number of 
lactate grafts» the length end polydisporslty of the grafts and the initial water 
content, and varied from 1 to 7 days (Figure 5). Under non-degrading conditio™ 
(pH 4) tha hydrogels, having a water content of almost 90% in their swollen 
states, appeared to be stable for more than 1 month, As shown in Figure 6, the 
gels showed a release of the ontrapped model proteins (IgG and lysoayme) over 
6 days and the kinetics depended on the gel characteristice, such as the 
polydispersity of the lactate grafts and the initial water content Hie release of 
lysoKyme was by diffusion* whereas for the bigger IgG, whose hydrodynartdc 
radius approaches the estimated mesh size of the hydrogels, also 
swelling/degradation played a role in the release. Importantly, the pratoins ware 
quantitatively released from the gels and with ftll preservation of the enzymatic 
activity of lysozyme, emphasizing the protein-friendly preparation method of the 
proiaifr-laadcd stereocomplex hydrogel. 



Conclusions 

Hydrogels which are physically crosallnked by stereocomplex interactions 
have attracted recent attention for drug delivery purposes. Especially systems 
which are obtained from aqueous solutions of the two components are very 
attractive, since they provide a friendly environment for the encapsulation of 
highly sensitive btaactivc substances (proteins, DNA, living ceils)* Moreover, it 
is anticipated that gel formation can take place in stru after injection of (he low* 
viscous solutions We have developed a versatile and fully degradable system 
obtained from water soluble dextcan grafted with oligolaetic acid chains. The 
mechanical properties, degradation profile and release of encapsulated 
compounds can bo simply tailored by the composition of the materials* At 
present we are investigating means to extend the degradation dmc by changing 
the chemistry of the bonds between the grafts and the backbone. Alao, the 
preparation of injectable microsphere? 1b one of our goals. The blocoxnpatibility 
of the system will be established, but no problems are expected in that respect 
since recent in studies on chemically crossllnked dextran bydrogels already 
showed good biocompatibiliiy.('W) 
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